the mechanism of inhibition of Proteus vulgaris cephalosporinase by imipenem.
Imipenem was supplied by Merck Sharp & Dohme Research Laboratories, Rahway, N.J. Cephalothin was a commercial product of Shionogi Pharmaceutical Co., Osaka, Japan.
P. vulgaris GN76/C-1, a constitutive mutant with respect to the production of cephalosporinase, was derived from the wild-type strain GN76 (13, 15) . The P-lactamase from P. vulgaris was purified as described previously (13) ; purity was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (4, 11) . The specific activity of the enzyme was 319 U/mg of protein. One unit of 1-lactamase was defined as the amount of enzyme which hydrolyzed 1 p.mol of cephalothin per min at pH 7.0 and 30°C.
,B-Lactamase inactivation by imipenem was measured by a modification of the dilution method of Fisher et al. (6) . The
Ki of imipenem for the 1-lactamase was determined by the procedure described previously (14) . The Km(inact) and the rate constant of inactivation were determined from a doublereciprocal plot of the initial rate of inactivation of the enzyme at different initial inactivator concentrations (3). The rate constant of hydrolysis kcat was determined from the initial velocity of imipenem hydrolysis with the cephalosporinase at a concentration of imipenem sufficiently higher than the Ki. The hydrolysis of imipenem was determined by measuring the change of absorption at 298 nm. The rate constant of reactivation (kreact) was determined by measuring the recovery of the enzyme activity after gel filtration (6) . The progressive inhibition by imipenem of P. vulgaris cephalosporinases and the hydrolysis of imipenem by the 1- lactamase are shown in Fig. 1 . P. vulgaris cephalosporinase was rapidly inactivated by imipenem several minutes after preincubation, although further incubation led to restoration * Corresponding author.
of enzyme activity to some extent, depending on the inhibitor-to-enzyme ratio. The number of hydrolytic events per enzyme molecule before complete and irreversible inactivation of the enzyme by imipenem was 110 (the turnover number), estimated by extrapolation of the plot of the irreversible part of inactivation versus the imipenem-to-,Blactamase ratio to the intercept on the abscissa. min-' from the initial velocity of hydrolysis. However, the rate of hydrolysis progressively decreased for the duration of the incubation period (Fig. 1, dotted line) , although the concentration of imipenem was sufficiently higher than the Ki. This finding implies that active enzyme was constantly transformed to an inactivated form. Figure 1 also shows that complete recovery of enzyme activity was not attained. To investigate the irreversible inactivation of the enzyme by imipenem, reactivation was tested after the imipenem-,Blactamase complex had been separated from excess imipenem by gel filtration. The kreact was estimated to be 0.031 min-', independent of the inactivation time of the experi- inactivation was found to be 0.003 min-' from first order kinetics (Fig. 2) .
Richmond reported that imipenem is a potent irreversible inhibitor of P-lactamases from Enterobacter cloacae and Bacteroides fragilis (12) . However, apparent irreversibility may be due to the presence of unhydrolyzed imipenem in the reaction mixture (competitive inhibition). We observed that an acceleration of hydrolysis of good substrates by the inactivated enzyme of P. vulgaris occurred within a few seconds after dilution by excess good substrates (data not shown).
In kinetic studies on the interaction of olivanic acid and its derivatives with TEM-2 penicillinase (3, 5) and of PS-5 with P. vulgaris cephalosporinase (9) , it was demonstrated that full recovery of the enzyme activity occurred but only after disappearance of intact inhibitor from the reaction medium. However, irreversible inhibition of the enzyme by imipenem was evident in our study.
On the basis of the results described above, we propose the minimum scheme for the inactivation of the P. vulgaris cephalosporinase by imipenem (Fig. 3) . In this scheme, Y is sequentially formed from X, since the irreversible inactivation kinetics were apparently monophasic. If Y was formed directly from M, we should have observed a rapid initial loss of activity, as reported in the case of clavulanic acid (6) .
